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Abstract 

We present a comparative study of the emission properties of a vanadium dioxide thin film (approximately 200 nm) 

deposited on a silicon wafer in different sub-spectral-ranges of the mid-infrared, with particular attention to the 

windows of transparency of the atmosphere to the infrared radiation (i.e., 3-5 µm, 8-12 µm). The infrared emission 

properties of the structure are closely related to the well-known phase transition of the first order, from semiconductor 

to metal, of the vanadium dioxide around the temperature of 68 °C. The characterization of the emissivity in the sub-

regions of the mid-infrared was carried out both in the front configuration, that is on the VO2 film side, and in the rear 

configuration on the silicon wafer side, and showed a strong difference in the hysteresis thermal bandwidth, in 

particular between the short wave region and the long wave region. The bandwidth is equal to 12°C for the front and 

15°C for the rear. The emissivity behaviors as a function of temperature during the semiconductor-metal transition in 

the mid-infrared subregions were analyzed and explained using the theories of the effective medium of Maxwell 

Garnett and Bruggeman, highlighting the greater functionality of one theory or the other depending on the spectral 

detection band. 
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1. Introduction 

There is considerable interest in emissivity engineering for applications ranging from infrared emitters to heat 

management and thermal labeling/imaging [1-7]. In determining emissivity for various materials and structures, 

Kirchhoff’s law of thermal radiation is commonly used and states that the emissivity of an object is equal to its 

wavelength-dependent absorptivity. An approach to emissivity engineering has been to select materials with an 

adequate dispersion law to obtain a selective thermal emission, while a complementary approach involves the 

superficial structure, both disordered and ordered as for the photonic crystals. In addition, optical antennas and 

metamaterials have also been employed to tailor the directionality and the spectrum of thermal emission [8,9]. For the 

purpose of emissivity engineering the use of transition metal oxides is proving to be very functional due to their 

promising electrical and optical properties, and in particular thermochromic materials can play a significant role in 

various fields of applications [10-14]. These materials have temperature-dependent optical properties that can be used to 

modulate the emissivity, and a significant advantage of modulation based on thermochromic materials is that it allows 

“passive smart devices” that can operate without the need for external control or supply power. An attractive 

thermochromic material is vanadium dioxide (VO2) [15,16], a related oxide in which a thermally induced transition 



from semiconductor to metal (SMT) occurs near room temperature (TC ~ 68 °C in bulk crystals), which carries the 

material from an insulating state to a metallic one. This material for its switching properties is interesting in various 

fields of application, from optical telecommunication modulators [17,18], to passive aerospace radiators [19,20], to 

military infrared camouflage [21-23], up to the memristors for electronic memories [24,25]. 

The core of this work is to show the spectral dependence as a function of the detection band of the emission properties 

in the mid-infrared sub-regions of a structure consisting of a vanadium dioxide film deposited on a silicon substrate. 

This goal has been achieved through an accurate method of temperature-dependent radiometric measurements and a 

detailed analysis using the theories of the effective medium, in particular Maxwell Garnett and Bruggeman. In this 

paper we would like to investigate which is the most appropriate model to follow the semiconductor to metal transition 

of emissivity, that is fundamental to design and realize a new class of optimized infrared devices operating during the 

phase transition, where the coexistence of the monoclinic and rutile states takes place. For this purpose we are interested 

to investigate the mechanism of the emissivity switch in the different detection bands, which could be differently 

sensitive to the clusters formation process inside the vanadium dioxide film.  

 

2. Material and methods  

2.1 Sample description 

The tested sample consists of a VO2 thin film with a thickness of about 200 nm deposited on a 480 µm mirror-polished 

silicon wafer; the VO2 layer has been deposited by means of reactive radio frequency sputtering with a substrate 

temperature of 500 °C. The average roughness of the film σ = 20 nm has been determined using the atomic force 

microscope (Fig. 1). 

 

 

Fig. 1 On the left side the sample scheme (above) and the sample image (below); on the right side the SEM image (above) and the 

3D profilometry reconstruction through the AFM (below). 

 

2.2 Experimental setup 

 In order to characterize the variations of the optical and emission properties with the temperature and as a consequence 

of the semiconductor-metal transition of the vanadium dioxide, has been chosen the silicon substrate because it is 



transparent to the infrared radiation at the wavelengths of interest for this study. The emissivity has been calculated 

indirectly by the Kirchhoff’s law of thermal radiation from the reflection and transmission measurements as a function 

of the temperature, and only the reflection measurements were performed both in the front configuration and in the rear 

configuration, the transmission being obviously the same for both configurations. Kirchhoff’s law states that for an 

arbitrary body at a fixed temperature that emits and absorbs thermal radiation in the thermodynamics equilibrium, the 

emissivity is equal to the absorptivity, and therefore:  

𝜀(𝜆) = 𝛼(𝜆) = 1 − 𝜌(𝜆) − 𝜏(𝜆),                                              (1) 

where ε(λ) is the spectral emissivity, and α(λ), ρ(λ), τ (λ) are the spectral absorptivity, reflectivity and transmissivity, 

respectively. This is a classic and very efficient method, but not the only one that allows to obtain the emissivity by 

following the phase transition [26]. Recently C. L. Gomez-Heredia et al. have obtained excellent results for this purpose 

through the thermal-wave resonant cavity technique [27]. In order to perform the temperature scanning measurements 

in the 30°C-100°C range the sample has been posed in contact with an electrical heater. A globar lamp has been used as 

a source of infrared radiation and kept at a temperature of about 130 °C through a stabilized power supply. The 

radiation was modulated at 36 Hz by a mechanical chopper (ORTEC 9479) before reaching the sample under test, and 

the same frequency is used for the external reference of the lock-in amplifier (Perkin-Elmer 7265) that provides data 

acquisition. The reflectance measurements have been performed at near-normal incidence, and in order to perform the 

transmittance measurements at normal incidence as a function of sample temperature, a central hole of 10 mm in 

diameter has been realized in the copper body of the electrical heater, used for the sample temperature scan. The 

infrared radiation, both in the setup for reflection and transmission measurements, has been detected by a (HgCdZn)Te 

photovoltaic IR detector. In order to observe the differences induced by the vanadium dioxide transition (SMT) as a 

function of the detection band, two different detectors were used: the first with 2.5 – 5 µm detection band, for the 

characterization of emission properties in the SWIR region (Vigo System model PVI-2TE-5, quadrant cells 2 x 2 mm2), 

and the second with a detection band of 2 – 12 µm for the MIR region (Vigo System model PVI-4TE-10.6, quadrant 

cells 1 x 1 mm2). The characterization in the LWIR region was performed by coupling to the latter detector a long pass 

filter with transmission of 90 % in the 8 – 12  µm range and complete suppression of shorter wavelength. The current 

temperature of the sample is measured by a copper-constantan thermocouple, and, in view of the low sample heat 

capacity, has been used a type with thin and coated wires of 0.5 mm diameter (type TG-40-T, NY Thermoelectric Co., 

Inc.), in addition to a thermal flat with high thermal conductivity (RS Pro 554-311), consisting of metal oxide powders, 

to minimize the thermal resistance at the point of contact with the sample; and therefore the temperature measurement is 

performed by means of a digital multimeter (HP 34401A). The temperature scan of the sample is performed in a quasi 

stationary regime, realized by changing linearly the sample temperature slowly with time, with a speed of about 1 

°C/min. A germanium lens has been placed at the distance 2f (f = 50 mm is the focal length) from both the sample 

surface and the detector so that the image of the investigated zone of the sample has been projected to the active area of 

the detector with an enlargement 1:1. In order to obtain the transmissivity, the transmittance measurements have been 

normalized with respect to the reference signal without sample, while those of reflectance compared to the reference 

signal from a flat gold mirror (a gold thin film deposited on a silicon wafer of the same thickness as the sample). See 

Fig.2 for the scheme of the experimental setup. 



 

Fig. 2 Schematic analysis of experimental setup for transmittance (a) and reflectance (b) measurements, in the reflection setup the 

angle of incidence is wide for clarity. 

 

 

3. Results and discussion 

Transmittance and reflectance measurements as a function of temperature have been therefore performed using three 

spectral detection bands: SWIR (2.5 – 5 µm), MIR (2 – 12 µm) and LWIR (8 – 12 µm). The characteristics of the 

emission thermal hysteresis, derived from Kirchhoff’s thermal radiation law (Eq. 1) and shown in Figs 3-4, indicate 

how the variations induced by the phase transition of VO2, from the spectral point of view, occur mainly in the cooling 

cycle, against a substantially coincident heating cycle.  



 

Fig. 3 SWIR, MIR and LWIR emissivity vs sample temperature for the VO2/Si structure in the front configuration. 

 

 

 

Fig. 4 SWIR, MIR and LWIR emissivity vs sample temperature for the VO2/Si structure in the rear configuration. 

 

In order to quantify the differences, in terms of emission properties, induced by the phase transition of VO2 with the 

temperature by varying the spectral detection band, have been introduced three evaluation parameters: 



 

 transition temperature TC, given by the temperature corresponding to the maximum of the emissivity 

derivative with respect to the temperature 
𝜕𝜀

𝜕𝑇
|

𝑚𝑎𝑥
and thus indicating the maximum induced 

emissivity variation by semiconductor-metal transition (heating) or metal-semiconductor (cooling); 

 

 thermal bandwidth ΔTC, given by the difference TCH − TCC between the TC of the heating cycle (TCH) 

and that of the cooling cycle (TCC);  

 

 differential emissivity ΔεHL, given by the difference εH − εL between the high-temperature              

(εH @100°C) and low-temperature (εL @30°C) emissivity values respectively corresponding to the 

metal and semiconductor phase of vanadium dioxide. 

From the experimental data, therefore, the values of the above parameters have been extrapolated for the evaluation of 

the emission properties of the considered structure in the three spectral bands SWIR, MIR and LWIR. The values are 

reported in Table 1.  

 

Configuration Spectral band (µm) 
TC (°C) ΔTC (°C) ΔεHL 

Heating Cooling 

Front 

SWIR (2.5 – 5) 66.5 43.5 22.5 0.26 

MIR (2 – 12) 66 55.5 11.5 0.24 

LWIR (8 – 12) 67 56.5 10.5 0.22 

Rear 

SWIR (2.5 – 5) 66.5 43.5 23 0.50 

MIR (2 – 12) 66 57.5 8.5 0.50 

LWIR (8 – 12) 66 58 8 0.49 

 

 

 

Starting from the observation of the transition temperatures in the Tab. 1 we see a substantial coincidence of the three 

temperatures, according to the definition above, in the sample heating cycle. On the other hand, considering the cooling 

cycle, the difference between the transition temperatures is considerably larger, in particular passing from the short-

wave to the long-wave infrared region: between the SWIR and LWIR thermal bandwidths there is a difference of 12 °C 

in the case of the front configuration and of 15 °C in the case of the rear one. These values indicate that under the aspect 

of the radiative emission the phase transition of the vanadium dioxide induces a maximum speed of variation of the 

emissivity on a much wider temperature scale for the SWIR. The thermal bandwidth is a parameter closely related to 

the manufacturing process, and to some factors such as annealing temperature or growth temperature [28-31]. The 

differentials of emissivity passing from the configuration front to the rear one are subject to a notable increase being 

ΔεHL the double one for the SWIR (ΔεHL from 0.26 to 0.50) and greater than the double for the LWIR (ΔεHL from 0.22 

to 0.49). Now considering the average emissivity value corresponding to the three transition temperature of the heating 

cycle we obtain εf
*= 0.2 for the front configuration and εr

*= 0.3 for the rear; at this point, observing at which 

temperatures the same emissivity value occurs for the SWIR and LWIR hysteresis (the thermal hysteresis for the MIR is 

Tab. 1  Extrapolated values for the front and rear configurations. 



always intermediate to these two) we obtain both, for the front and for the rear configuration, a difference of ~5 °C. 

This last difference can be for example significant in thermal camouflage applications [32].  

Furthermore, there is an anomalous and more significant emission [33] in the front configuration, for both cycles; this 

emissivity peak coincides for the heating cycle for all detection bands and its presence was also observed by means of 

the infrared passive thermography (CX320 COX Co., range 8 – 14 µm). This peak of emissivity is clearly shown in Fig. 

5, where the temperatures below the thermograms are the real ones as measured by the thermocouple. It is worth noting 

that in this case the heater is a polished aluminum plate which is chosen to homogenize the operation temperature of the 

vanadium dioxide sample, without producing any effects in the sample emittance due to the low emissivity of aluminum 

(ɛAl = 0.05). 

 

 

 

 

 

 

 

4. Theoretical modeling  

In order to explain the experimental results of the temperature-dependent emissivity in the SWIR, MIR and LWIR sub-

regions, we used a theoretical approach for numerical simulations based on the following criteria: we have assumed that 

the Globar source is a black body at the temperature of 130 °C; in order to simplify the simulations, for the VO2 film we 

have introduced effective optical constants n and k (refractive index and extinction coefficient, respectively) averaged 

in the SWIR, MIR and LWIR sub-regions; in order to analyze the semiconductor-metal transition (SMT) of the VO2 

film, during the heating and cooling cycles from 30 °C to 100 °C and vice versa, the theory of the effective medium was 

used, and in this case the theories of Maxwell Garnett and Bruggeman. The procedure for determining the effective 

optical constants n and k concerned all the spectral detection bands, SWIR, MIR and LWIR, and for the VO2 it 

consisted in obtaining the refractive index n and the extinction coefficient k in the two semiconductor and metal states 

[34]. As regards the phase of coexistence of states and the evaluation of the transition through the theory of the effective 

Fig. 5 The color bar indicates the apparent temperature while the temperatures below the images are the real 

ones (front configuration); the lighter and brighter color of the thermogram at 70 °C indicates a greater 

emissivity than the other two temperatures, thus highlighting the anomalous emission that occurs towards the 

end of the phase transition and linked to the coexistence of the semiconductor and metal phases. 



medium, this last study involved only SWIR and LWIR, coinciding with the windows of transparency of the 

atmosphere to the infrared radiation. The average values, relative to the three spectral detection bands in the 

semiconductor state and in the metallic state, of the refractive index and of the extinction coefficient were determined 

by the best fit between experimental results and numerical simulations; for the calculations are used the data supplied 

by Li (1980) for silicon between 1.2 µm and 14 µm at the temperatures of 293 K and 400 K. First of all, therefore, the 

average optical constants of vanadium dioxide far from the transition zone al temperatures of 30 °C (semiconductor 

state) and 100 °C (metallic state) have been calculated from the contemporary fit of the transmissivity T, and of the 

reflectivity in the front (Rf) and rear (Rr) configurations. The following table (Tab. 2) shows the optical constants 

obtained for the three spectral bands for the semiconductor and metallic VO2. 

 

Spectral band 

 (µm) 

VO2 (30 °C)  

nS + ikS 

VO2 (100 °C)  

nM + ikM 

SWIR (2.5 – 5) 2.46 + i(1.78·10-3) 3.07 + i5.05 

MIR (2 – 12) 2.49 + i0.07 4.69 + i6.1 

LWIR (8 – 12) 2.51 + i0.19 5.74 + i6.05 

Tab. 2  Extrapolated values for the average optical constants: refractive index and extinction coefficient, where the subscripts s and 

m indicate the semiconductor and metal states, respectively. 

 

These values are in line with what is present in the literature considering the strong dependence on manufacturing 

processes. The error for fitting simultaneously T, Rf and Rr is on average 1%. 

The study of the VO2 phase transition continued with the use of the theories of the effective medium to be able to 

describe the trend of the emissivity as a function of the temperature during the heating and cooling cycles from 30 °C to 

100 °C. According to a similar approach, during a quasi-static phase transition, in the semiconductor-metal composite 

the volumetric fraction of the metal phase is quantified by the filling factor f, while 1 – f  is the residual volume fraction 

in the semiconductor phase. The resulting optical properties of the inhomogeneous compound were obtained by a 

weighted combination of the properties of the two phases according to well-established theories of Maxwell Garnett and 

Bruggeman [35-39]. In accordance with this criterion, the inclusions have been supposed of spherical shape and have 

been considered to be very small compared to the wavelength of the incident radiation. Let us now analyze the 

expressions of the permittivity of the effective means corresponding to the inhomogeneous semiconductor-metal 

composite of VO2. The permittivity of the inhomogeneous composite is given by the following formula for the 

approach according to the theory of Maxwell Garnett: 

 

 

                              𝜀(𝑓) = 𝜀𝑆
𝜀𝑀(1+2𝑓) + 2𝜀𝑆(1−𝑓)

𝜀𝑀(1−𝑓) + 𝜀𝑆(2+𝑓)
                              (2) 

 



where 𝜀𝑆 = (𝑛𝑆 + 𝑖𝑘𝑆)2 is the permittivity of VO2 in the semiconductor state, while 𝜀𝑀 = (𝑛𝑀 + 𝑖𝑘𝑀)2 is the 

permittivity of VO2 in the metallic state, and they have been calculated using the constants n and k shown in Tab. 3 for 

SWIR and LWIR. Regarding the approach according to the Bruggeman theory, the permittivity is given by the 

following formula: 

 

𝜀(𝑓) =
[𝜀𝑀(𝑓−𝑞) + 𝜀𝑆(1−𝑓−𝑞)] ± √[𝜀𝑀(𝑓−𝑞) + 𝜀𝑆(1−𝑓−𝑞)]2 + 4(1−𝑞)𝑞𝜀𝑀𝜀𝑆

2(1−𝑞)
                   (3) 

 

where, also in this case, where 𝜀𝑆 = (𝑛𝑆 + 𝑖𝑘𝑆)2 is the permittivity of VO2 in the semiconductor state, and 𝜀𝑀 =

(𝑛𝑀 + 𝑖𝑘𝑀)2 is the permittivity of VO2 in the metallic state for SWIR and LWIR, while q is a geometric factor that in 

the case of the approximation of spherical inclusions is equal to q = 1/3 (the fit of the experimental data with the 

aforesaid model always considers the solution with a positive imaginary part). Therefore, the filling factor f remains the 

only parameter free to estimate in order to evaluate the emissivity variation induced by the vanadium dioxide phase 

transition. Below are shown (Figs 6 and 7) the fit of the emissivity trends as a function of the temperature in the front 

and rear configurations through the homogenization’s models of the permittivity ε of  Maxwell Garnett and Bruggeman 

for SWIR and LWIR. 

 

 

 

Fig. 6 Fit of the experimental trends of the emissivity as a function of the temperature in the front configuration for the spectral band 

SWIR (left) and for the LWIR (right) with the homogenization models of Maxwell Garnett and Bruggeman. 

 

 

 

 

 

 



 

Fig. 7 Fit of the experimental trends of the emissivity as a function of the temperature in the rear configuration for the spectral band 

SWIR (left) and for the LWIR (right) with the homogenization models of Maxwell Garnett and Bruggeman. 

 

As shown in the figures 6 and 7, the model that responds in the best way to the variation induced on the emissivity of 

the structure from the VO2 phase transition is that of Maxwell Garnett for SWIR and that of  Bruggeman for LWIR.  

The MG model is able, in particular, to follow very well the metal-semiconductor transition in the cooling cycle for the 

front configuration and to replicate the emission peaks in the two cycles with levels close to the experimental ones, 

albeit slightly translated to higher temperatures. In the rear configuration we also find a very good agreement between 

the fit with the MG model and experimental data, and in particular in the identification of the peak in the cooling cycle. 

For LWIR, the Bruggeman model provides a trend that is closer to that of the emissivity data as a function of 

temperature. In the rear configuration the adhesion with the experimental data is almost perfect, except for a slight 

discrepancy on the final high temperature emissivity level. In the front configuration the identification, with respect to 

the experimental data, of the temperatures at which the emission peaks are located is excellent ( in this case 70 °C for 

the heating cycle and 60 °C for the cooling cycle), while the levels of emissivity of the peaks are lower [Δεexp,mod = 0,05 

(@ 60 °C); Δεexp,mod = 0,02 (@ 70 °C)]. 

Finally, here is shown (Fig. 8) a comparison between the trends of the volumetric fractions f related to the Maxwell 

Garnett model for SWIR and to the Bruggeman model for LWIR. 



 

Fig. 8 The solid line represents the trend of the volumetric fraction f for the Maxwell Garnett model (SWIR); the dotted line for the 

Bruggeman model (LWIR). 

 

The thermal hysteresis of the two volumetric fractions f1 (MG, SWIR) and f2 (B, LWIR) vary between an initial level 

equal to 0 (VO2 semiconductor) and a final level equal to 1 (VO2 metal), and it is to be noted that the hysteresis of f2 is 

closer than that of f1 by virtue of the greater sensitivity of the detection of SWIR to smaller domains. 

It is interesting to observe the differences between the values of the volumetric fractions of the two models and 

corresponding to the emissivity peaks present in the heating and cooling cycles for the SWIR and LWIR front 

configurations: 

f1 (MG, SWIR) 0.58  (@61 °C) 0.55  (@71 °C) 

f2 (B, LWIR) 0.54  (@60 °C) 0.55  (@70 °C) 

Tab. 3 Extrapolated values for the volumetric fractions relative to the emissivity peaks. 

Also the values shown above in the Tab. 3 indicate how the structure of the vanadium dioxide film and silicon substrate 

responds differently depending on the detection spectral band, a 4% difference being present between the f1 (MG, 

SWIR) and f2 (B, LWIR) corresponding to the emission peaks present in the cooling cycle. Overall, the phenomenon of 

the anomalous emission for both the models and for both the spectral bands occurs for the values of the volumetric 

fraction f of the metallic phase in the range 0.3 – 0.7. These models can therefore be used to dimension even multilayer 

structures in order to optimize their performance in terms of emissivity by using the properties of the effective medium 

during the phase transition of the vanadium dioxide [40-43]. 

 

5. Conclusions 

In conclusion, the emission properties of the structure of the vanadium dioxide film on silicon substrate show a 

difference in terms of thermal bandwidth (ΔTC,SL = ΔTC,SWIR – ΔTC,LWIR) equal to 12 °C for the front configuration and  

15 °C for the rear configuration. This indicates how the dynamics of the phase transition under the aspect of the 

emission occur in two very different temperature ranges for the spectral bands SWIR and LWIR, compared to a 

transition temperature TC substantially coinciding for the three bands in the heating cycle (see Tabs 1 and 2). For the 

emissivity differentials ΔεHL, the rear configuration shows an emissivity variability dynamics about twice that of the 

front configuration, i.e. an average ΔεHL,av = 0.50 for the three intervals in the rear case compared to a ΔεHL,av = 0.24 in 

the front one. The results obtained through the theoretical modeling have shown that the theory of Maxwell Garnett is 



the most suitable for the description of the transition in the case of SWIR, while that of Bruggeman the most suitable in 

the case of LWIR, thus revealing in the latter case a greater interaction between inclusions. This dependence of the 

emission properties with the spectral band for the different response of the film to longer or shorter wavelengths and 

with consequent different modeling is linked to the larger or smaller size of the clusters, and to the phenomenon of 

percolation that most affects the size of the clusters and therefore the optical response for longer wavelengths. For this 

reason, the approximation with the Bruggeman model allows to obtain a trend more adherent to the experimental data in 

the LWIR band that is sensitive to the larger clusters created by the percolative effects. These considerations on the 

spectral detection band dependence of the thermal bandwidth, with the aforementioned exemplary results, and the 

following evaluations on the theoretical modeling of the effective medium used to represent the vanadium dioxide 

metamaterial phase can be very useful in the fields of thermal camouflage, smart coatings for aerospace applications 

and thermal emitters. 
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